In ovarian cancer patients, tumor fibrosis and angiotensin-driven fibrogenic signaling have been shown to inversely correlate with survival. We sought to enhance drug delivery and therapeutic efficacy by remodeling the dense extracellular matrix in two orthotopic human ovarian carcinoma xenograft models. We hypothesized that targeting the angiotensin signaling axis with losartan, an approved angiotensin system inhibitor, could reduce extracellular matrix content and the associated "solid stress," leading to better anticancer therapeutic effect. We report here four translatable findings: (i) losartan treatment enhances the efficacy of paclitaxel-a drug used for ovarian cancer treatment-via normalizing the tumor microenvironment, resulting in improved vessel perfusion and drug delivery; (ii) losartan depletes matrix via inducing antifibrotic miRNAs that should be tested as candidate biomarkers of response or resistance to chemotherapy; (iii) although losartan therapy alone does not reduce tumor burden, it reduces both the incidence and the amount of ascites formed; and (iv) our retrospective analysis revealed that patients receiving angiotensin system inhibitors concurrently with standard treatment for ovarian cancer exhibited 30 mo longer overall survival compared with patients on other antihypertensives. Our findings provide the rationale and supporting data for a clinical trial on combined losartan and chemotherapy in ovarian cancer patients.
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ovarian cancer | angiotensin inhibition | drug delivery | ascites | antifibrotic miRNAs A pproximately 22,500 new cases of ovarian cancer are diagnosed annually in the United States, with a mortality of 14,000 (1) . Following initial debulking surgery, ovarian cancer patients generally receive a chemotherapy regimen that includes a platinum complex (carboplatin or cisplatin) and a taxane (paclitaxel or docetaxel). However, despite initial responsiveness, the majority of patients with advanced ovarian cancer eventually relapse with resistant disease (2) (3) (4) . Furthermore, the similarly low response rates for high-grade ovarian cancers to tyrosine kinase inhibitors and immune checkpoint blockers make alternative strategies for ovarian cancer treatment a high clinical priority.
The effective delivery of therapeutic agents to the cancer cells is a primary requirement in successful tumor treatment. To reach cancer cells within a tumor, blood-borne therapeutic agents must be carried by systemic blood flow to the tumor site, cross blood vessel walls, and diffuse through the intervening interstitium (5, 6) . We have shown that in highly desmoplastic malignant cancers, such as pancreatic and breast carcinomas, cancer cells, stromal cells, and the fibrotic ECM (i.e., excess deposition of collagen and hyaluronan) contribute to high solid stress (7) (8) (9) (10) (11) . Solid stress, distinct from fluid pressure, is a physical force contained in and transmitted by the solid phase of the tumor that compresses blood vessels. As tumor blood vessels are structurally abnormal, these vessels are easily collapsible under this high compressive force, resulting in reduced blood flow throughout the tumor mass (8, 9, 11, 12) . The reduction in perfusion leads to (i) reduced delivery of drugs to tumors, which compromises treatment efficacy (13) , and (ii) increased tumor hypoxia, which promotes aggressive phenotypes, immunosuppression, and resistance to chemotherapy, radiation, and immunotherapy, which require oxygen to be effective (14) .
Significance
Despite initial responsiveness to chemotherapy, the overwhelming majority of advanced ovarian cancer patients relapse with resistant disease. Thus, developing more effective strategies for ovarian cancer treatment is a high clinical priority. Here, we report that targeting angiotensin signaling with losartan, an angiotensin receptor blocker, can reduce extracellular matrix in ovarian tumors and the associated physical barriers that normally hinder drug delivery and efficacy. These changes in the tumor microenvironment lead to improved response to chemotherapy, and, importantly, decrease ascites-a major burden for ovarian cancer patients. These preclinical findings are in concert with our retrospective analysis showing improved survival in patients receiving angiotensin system inhibitors concurrently with standard treatment for ovarian cancer and should be tested in a clinical trial.
The renin-angiotensin system (RAS) is known for its pivotal role in maintaining cardiovascular homeostasis as well as fluid and electrolyte balance (15) . Angiotensin II (AngII) was initially discovered as a vasoconstrictor, but is also known to contribute to the formation of the ECM (15) . In ovarian cancer patients, it has been shown that (i) the level of tumor fibrosis inversely correlates with recurrence-free survival and overall survival (16) , (ii) the serum level of angiotensin-converting enzyme (ACE), which converts inactive angiotensin I to the bioactive AngII, is elevated (17) , and (iii) AT1 expression is associated with poor patient outcome (18, 19) . Losartan is a Food and Drug Administration (FDA)-approved antihypertensive agent that blocks angiotensin II receptor type 1 (AT1). In mouse models of breast cancer and pancreatic cancer, losartan decreased the intratumoral expression of thrombospondin-1 (THBS-1), an activator of the fibrogenic TGF-β, and significantly reduced the intratumoral collagen and hyaluronan content. As a consequence solid stress was reduced, vessel compression was alleviated, and vascular perfusion was enhanced, resulting in reduced tumor hypoxia and improved delivery and efficacy of both lowmolecular-weight drugs and nanomedicine (9, 20) . These studies led to a successful phase II trial of losartan combined with chemoradiation in locally advanced pancreatic cancer (21) . Whether losartan can modify the ovarian cancer tumor microenvironment and enhance chemotherapy efficacy is not known.
Chemotherapeutic agents may be given i.v. or through the i.p. route in ovarian cancer. Here, we hypothesize that by decreasing fibrosis in ovarian cancer, losartan should improve the delivery of drugs via both routes. First, by reducing solid stress, the resulting blood vessel decompression should improve delivery of bloodborne drugs to tumors. Second, since dense ECM can also hinder the penetration of large molecules and nanoparticles, such as monoclonal antibodies and Doxil, in tumors from the peritoneal surface (22) , losartan should also improve the penetration of large therapeutics from the peritoneal cavity into ovarian tumors.
We report here that losartan used as an adjunctive treatment in murine models of ovarian cancer improves chemotherapeutic efficacy and decreases the related malignant ascites. We also report potential molecular mechanisms that may be used to develop biomarkers to predict response or development of resistance to chemotherapy. Finally, our retrospective analysis shows that patients with ovarian cancer who underwent concomitant treatment with an ACE inhibitor (ACEi) or angiotensin receptor blocker (ARB) in addition to standard of care demonstrate significantly enhanced overall survival compared with patients on other forms of antihypertensives.
Results
Losartan Treatment Reduces ECM Content in Ovarian Tumors. We first confirmed that AT1, the target for losartan, is expressed in our ovarian cancer cell lines (SI Appendix, Fig. S1A ). Next, we determined if AT1 blockade by losartan treatment led to changes in ECM content. Mice were implanted with two human ovarian cancer cells, SKOV3ip1 and Hey-A8, orthotopically into the peritoneal cavity. To monitor peritoneal tumor growth, both cell lines were transduced with secretive Gaussia luciferase reporter gene (G-luc). Between 7 and 10 d after implantation when the blood G-luc value reached 2 × 10 6 relative light units (RLU), mice were randomized into control and losartan (40 mg/kg, once daily) treatment groups. i.p. injection of cancer cells resulted in solid tumors growing on the surface of the peritoneal organs and invading into the diaphragm. Mice bearing SKOV3ip1 tumors also produced a large amount of ascites. Tumor tissues were collected on day 28 postimplantation and evaluated for ECM content. We found that losartan treatment significantly reduced collagen and hyaluronan levels in both SKOV3ip1 and Hey-A8 tumors as indicated by histological analysis and by cDNA array ( Fig. 1 A and B and SI Appendix, Fig. S1B ).
Fibroblasts are the primary source of ECM proteins in both normal and malignant tissues (23, 24) . In both SKOV3ip1 and Hey-A8 models, we found that losartan treatment significantly decreased the number of intratumoral αSMA-positive stromal cells, the main cellular components among which are the fibrogenic fibroblasts (Fig. 1C) . Losartan treatment significantly reduced the expression of matrix molecules, including collagen (Col)-I and III, alpha smooth muscle actin (Acta2), and integrin beta (Itgb)-3 and -6. However, it did not significantly reduce the expression of major fibrogenic genes, including CTGF, PDGF-β, TGF-β1, and Thbs-1 as analyzed by pathway-specific cDNA array (ECM and adhesion molecule array) (SI Appendix, Fig. S1B ).
Losartan Treatment Lowers Solid Stress in Ovarian Cancer. Since reduction in matrix is known to decrease solid stress (9, 25) , we next investigated the effects of losartan treatment on solid stress in peritoneal ovarian tumors using the planar-cut technique 11, 25) . In size-matched peritoneal SKOV3ip1 tumors, losartan treatment led to significant reduction in solid stress (Fig. 1D) and a trend toward decrease in matrix equilibrium modulus (stiffness) (Fig. 1E ) and instantaneous modulus (SI Appendix, Fig. S2B ). These results suggest that losartan treatment, via its antifibrotic effects, may be capable of decompressing vessels by reducing solid stress.
Losartan Treatment Improves Perfusion and Relieves Tumor Hypoxia.
To determine whether the decrease in ECM content translated into decompressed vessels and improved vessel perfusion, we measured the fraction of perfused vessels and the level of tumor hypoxia by immunohistology. Losartan treatment did not change VEGF levels or microvessel density (SI Appendix, Fig. S1C ) but significantly increased the percentage of perfused blood vessels ( Fig. 2A) . Following improved vessel perfusion, we found that the hypoxic fraction (evaluated via pimonidazole) of the viable ovarian carcinoma tissue was significantly reduced in losartantreated tumors (Fig. 2B ).
Losartan Treatment Increases Delivery of Chemotherapeutics. Decompression of blood vessels and improvements in vascular perfusion can enhance the delivery and intratumoral distribution of chemotherapeutic drugs in tumors (8) (9) (10) . Pegylated liposomal doxorubicin is an FDA-approved treatment for patients with recurrent ovarian cancer which has demonstrated activity in both platinum-sensitive and platinum-resistant disease (26) . Doxorubicin is autofluorescent; therefore, we used free doxorubicin as a tracer to study drug delivery in mouse models of ovarian cancer. In the control groups doxorubicin fluorescence signal was detected only proximal to blood vessels, whereas in losartan-treated mice fluorescence signal was broadly distributed throughout the tumor. Quantitative analysis confirmed that losartan treatment significantly increased the amount of intratumoral doxorubicin (red fluorescent signal) (Fig. 2C ).
Mathematical Modeling Reproduces Losartan-Enhanced Drug Delivery and Predicts that Combined Losartan Treatment Will Improve Chemotherapy
Efficacy. We have previously combined animal model studies with mathematical modeling to quantitatively predict drug delivery and to provide deeper insight into how the physiological barriers affect drug delivery (27) . To further support the robustness of our observation that losartan increases the delivery of chemotherapeutics and enhances their efficacy, we developed a mathematical model (description in SI Appendix, Materials and Methods and Fig. S3 ). Informed by the experimental data of losartan-induced changes in the ECM content and doxorubicin delivery, our mathematical model reproduced the experimentally observed losartan effects on (i) the reduction of solid stress, (ii) the improvement of vascular perfusion, and (iii) the increase in intratumoral distribution of doxorubicin ( Fig. 3 A-D) .
In some cases of ovarian cancer, chemotherapy is directly administered i.p. (28) . Using our mathematical model, we next investigated whether by reducing the matrix content losartan can directly affect the delivery and homogeneous distribution of a peritoneally administered drug into the peritoneal tumors. Peritoneally administered drugs can reach the tumor both by penetrating the tumor from the periphery and by being absorbed by blood vessels of the peritoneum and reach the tumor through the tumor vasculature. Physiological barriers that can hinder drug transport are (i) the dense tumor ECM that slows the direct diffusion (penetration) of macromolecules into the tumor from the peritoneal fluid, (ii) the solid stress that is accumulated during tumor growth and affects tumor blood vessel function by compressing vessels, and (iii) the hydraulic conductivity of the tumor, which is a measure of the tissue resistance to interstitial fluid flow and affects interstitial fluid pressure (22) . A low hydraulic conductivity increases the tumor interstitial fluid pressure, and thus macromolecules have to penetrate from the peritoneal cavity into the tumor against a pressure gradient. Our model predicted that losartan treatment (i) reduced interstitial fluid pressure, (ii) increased the intratumoral delivery of oxygen, (iii) improved the intratumoral distribution of the i.p. administered first-line ovarian cancer chemotherapy drug paclitaxel, and (iv) resulted in a lower tumor volume when combined with chemotherapy ( Fig. 3 E-H) . We further performed a parametric analysis, varying drug's diffusivity, the elastic modulus of the tumor (which in the model regulates solid stress levels), and the tumor hydraulic conductivity to get insights about their relative contribution to peritoneal drug delivery. We found that an increase in the diffusivity of the drug or a decrease in tumor elastic modulus/solid stress levels can enhance considerably intratumoral drug distribution compared with the hydraulic conductivity (Fig. 4) . The model also predicted that losartan can improve the delivery of both the i.v. administered paclitaxel as well as the i.p. administered doxorubicin (SI Appendix, Fig. S4 ).
Losartan Treatment Enhances Chemotherapeutic Efficacy in Ovarian
Cancer Models. Based on the mathematical modeling predictions, we next determined whether losartan-induced changes in the ECM and blood vessels would enhance efficacy of i.p. paclitaxel, which is part of the first-line therapy for ovarian cancer, used by both the i.v. and i.p. routes. In both SKOV3ip1 and Hey-A8 models, mice were randomized into four treatment groups receiving (i) control, (ii) losartan, (iii) paclitaxel, or (iv) losartan combined with paclitaxel. In paclitaxel-treated mice, we found that peritoneal tumors were ∼50% smaller compared with those in the control group. Losartan treatment alone did not affect the tumor growth; however, when it was combined with paclitaxel, it significantly enhanced the antitumor effect of i.p. paclitaxel in both SKOV3ip1 (Fig. 5A ) and Hey-A8 (Fig. 5D ) models. In the SKOV3ip1 model, which develops a significant amount of bloody ascites, losartan treatment significantly reduced the incidence and the amount of ascites ( Although losartan monotherapy did not reduce tumor burden, it significantly decreased collagen content in size-matched diaphragm tumors ( Fig. 6 A and B) , suggesting a decreased solid stress. To assess effects on the diaphragm lymphatic vessels, we injected a fluorescent tracer (FITC-dextran) i.p. and directly visualized diaphragm lymphatic vessels by lymphangiography (29) . In nontumor-bearing mice, the normal lymphatic vessels displayed a network with organized branching on both the pleural and peritoneal sides of the diaphragm (Fig. 6C) . In mice bearing SKOV3ip1 tumors (i) on the pleural side of the diaphragm, an enlarged network of lymphatic vessels was seen, indicating lymphatic network responding to increased fluid burden in the abdomen and potentially blockade of lymph flow, and (ii) on the peritoneal side the classical structure of lymphatic strips was completely disrupted. Strikingly, in mice treated with losartan, on both pleural and peritoneal sides of the diaphragm we found that the lymphatic vessel morphology was closer to that in normal non-tumor-bearing mice. The effects of losartan treatment on decreasing lymphatic vessel diameter on the pleural side were confirmed by image quantification (Fig. 6D) . These lymphatic vessel morphological changes were further confirmed using double immunofluorescent staining for LYVE-1 and CD31 in whole-mount diaphragms (Fig. 6E) .
Losartan Treatment Improves Lymphatic Vessel Function. Next, we used two tests to study the lymphatic drainage function. First, we injected fluorescent beads (1 μm in diameter) i.p. Two hours postinjection (i) in non-tumor-bearing mice very few fluorescent beads were found in the diaphragm, indicating clearance by functional lymphatics, (ii) in mice with SKOV3ip1 tumors a significant amount of fluorescent beads were retained in the diaphragm, suggesting impaired lymphatic drainage, and (iii) in losartan-treated mice some beads were retained within the lymphatic vessels, but significantly less than in control tumors, indicating improved lymphatic drainage (Fig. 7A) .
Second, as diaphragm lymphatic vessels drain into the caudal mediastinal lymph nodes (CMLN), we collected the CMLNs and evaluated the amount of fluorescent beads drained to CMLN. Compared with non-tumor-bearing mice with normal drainage, CMLNs from SKOV3ip1 tumor-bearing mice accumulated fewer fluorescent beads and showed lower fluorescence intensity, indicating decreased drainage. CMLNs from losartan-treated mice showed higher fluorescence intensity, closer to the level in normal non-tumor-bearing mice ( Fig. 7 B and C) , indicating losartan treatment improved drainage to lymph node.
Losartan Treatment Induces the Expression of Antifibrotic miRNAs.
Because miRNAs have emerged as major regulators of fibrosis in several fibrotic diseases (30), we used an miRNA array to evaluate how losartan altered the miRNA expression profile in ovarian cancer models. We found that losartan treatment significantly up-regulated the expression of miR-1-3p, miR-133a-3p (miR-133), miR-29b, and miR-26b-5p and down-regulated the expression of seven other miRNAs (Fig. 8A) . As miRNAs function by binding to the target sites in the 3′UTR in target genes to repress their expression, we studied the miRNAs that were upregulated by losartan treatment, to investigate if they contribute to the losartan-mediated reduction of matrix molecules in ovarian cancer models.
We screened the potential targets of these miRNAs using computational target-predicting software (www.microrna.org/microrna/ home.do and www.targetscan.org/vert_72/). We found that miR-133 potentially targets collagen IA1 (COL1A1), collagen VA3 (COL5A3), and collagen VIA3 (COL6A3) genes, and its binding sequence is conserved across species (Fig. 8B) , suggesting functional importance of the binding site. miR-1 is clustered on the same chromosomal locus as miR-133 (18q11.2); although it is upregulated by losartan, it has no binding sites on any of the matrix genes. miR-29 is a master regulator of fibrosis that has been shown to target at least 20 different ECM-related genes, including collagens, laminins, and integrins in RAS-mediated hypertensive cardiovascular diseases and renal disease (31) (32) (33) . miR-29 is down-regulated in fibrotic conditions in multiple organs, including the heart, liver, kidney, and skin (32-34), and the fibrogenic TGF-β/Smad3 axis has been shown to suppress miR-29 expression (33, 35) . miR-26 has no binding sites on any of the matrix genes. Thus, as miR-133 is most significantly induced by losartan treatment (>500-fold) in ovarian cancer model, we focused our study on miR-133. ECM. First, we confirmed that losartan increased the miR-133 level in SKOV3ip1 and Hey-A8 ovarian cancer cells, as well as in mouse fibroblast (10T1/2) and macrophage (Raw264.7) cell lines in vitro by TaqMan assay (SI Appendix, Fig. S5A ). Next, to study if miR-133 reduces collagen level, we cloned pri-miR-133 by amplifying a 500-bp fragment spanning miR-133 stem-loop sequence from human genomic DNA. SKOV3ip1 cells were transduced to overexpress pri-miR-133 (529-fold compared with nontransfected cells). While overexpression of miR-133 did not change Col1A1 mRNA levels (0.9 ± 0.2-fold compared with control), it significantly decreased collagen I protein levels (Fig. 8C) .
To confirm that miR-133 directly binds to the predicted target site in the collagen I gene and led to its down-regulation, we cloned the predicted miR-133 target site from the ColIA1 gene and inserted it into the 3′UTR of the firefly luciferase gene (pmiRGLO-ColI-wt; Fig. 8D ). When miR-133 directly binds to the target sequence, it leads to mRNA destabilization or translational repression, resulting in reduced expression of firefly luciferase protein and low chemiluminescent signal. To confirm whether the reduction of luciferase activity is a direct consequence of miR-133 binding to the target sequence in the ColIA1 gene, we created a mutated target site, which causes decreased complementarity to miR-133 (pmiRGLO-ColI-mut; Fig. 8D ). Parental, mock, and miR-133-overexpressing SKOV3ip1 cells were transiently transfected with these wild-type and mutated luciferase reporters and the Renilla luciferase reporter gene (as transfection efficiency control). In parental and mock-transfected SKOV3ip1 cells, the low level of endogenous miR-133 did not affect the luciferase activity. In cells that overexpress miR-133 (SKOV-miR133), large amounts of miR-133 presumably bind to the cloned wild-type ColIA1 target site, leading to significant reduction of the luciferase activity. Mutation of the target site abolished the miR-133-mediated repression of luciferase activity (Fig. 8E) , confirming that miR-133 directly targets ColIA1 gene.
Finally, to study the biological role of miR-133 in vivo, we implanted (i) parental, (ii) mock, and (iii) pri-miR-133-overexpressing SKOV3ip1 cells into the peritoneal cavity of nude mice. miR-133 overexpression did not affect tumor growth but slightly decreased ascites (but did not reach statistical significance; SI Appendix, Fig. S5B ). Histological analysis of the tumors revealed that miR-133 overexpression did not significantly change the collagen I content (15.4 ± 4.6% in SKOV3ip1 vs. 12.6 ± 2.8% in SKOV-miR133 tumors) (SI Appendix, Fig. S5C ) or intratumoral doxorubicin distribution (24.4 ± 3.7% in SKOV3ip1 vs. 20.6 ± 4.4% in SKOV-miR133 tumors) (SI Appendix, Fig. S5D ). Losartan treatment significantly up-regulates miRNAs that target collagen molecules, leading to reduced matrix content. Reduced matrix content can alleviate compression on vessels. As a result (i) blood vessel perfusion is significantly improved, leading to increased delivery of oxygen and drug and enhanced chemotherapy efficacy of blood-borne drugs and (ii) diaphragm lymphatic vessels drainage function is enhanced, leading to improved peritoneal fluid drainage and decreased accumulation of ascites.
receiving standard of care. We performed a retrospective analysis of patients with stage IIIC or IV ovarian cancer treated at Massachusetts General Hospital (MGH) and Brigham and Women's Hospital (BWH) between January 1, 2010 and December 31, 2014. We used inverse probability of treatment weighting based on propensity score to create a weighted cohort of patients who differed with respect to blood pressure medication use (ACEi/ARB versus betablocker/calcium channel blocker/diuretic) but were similar with respect to prognostic factors (SI Appendix, Table S1 ) such as age (P = 0.88), comorbidity index (P = 0.95), histology (P = 0.92), treatment approach (P = 0.97), and residual disease status (P = 1). In the weighted cohort, compared with patients using betablockers, calcium channel blockers, or diuretics, use of ACEi/ARB was associated with a significant reduction in hazard of death (hazard ratio 0.55, 95% CI interval 0.36-0.95; P = 0.004). Women taking an ACEi/ ARB had a median survival of 63 mo compared with 33 mo among women taking another type of blood pressure medication (Fig. 9A) . The robustness of the main analysis was assessed in several sensitivity analyses. To ensure that the main effect was not due to the survival effects from other antihypertensive medications, the main analysis was repeated after excluding patients using each of the following categories of antihypertensive: betablockers, calcium channel blockers, or diuretics (SI Appendix, Table S1 ). Furthermore, we assessed whether the effect of angiotensin blockade was evident among patients taking ACEi or ARB medications (SI Appendix, Table S2 ). Finally, we evaluated whether survival differed between patients using ACE or ARB medications. As shown in Fig. 9B , treatment with ARB was superior to ACEi treatment, consistent with data from our preclinical mouse models with losartan (9).
Discussion
Treatment difficulties in ovarian cancer include advanced-stage disease at diagnosis and the eventual development of chemoresistance (2-4). For patients with ovarian cancer who have a complete or partial response to platinum-based chemotherapy, there are now three poly ADP ribose polymerase (PARP) inhibitors (olaparib, niraparib, and rucaparib) approved for use in the maintenance setting (36, 37) . However, for platinumresistant patients, PARP inhibitors are less effective and combining PARP inhibitors with chemotherapy is challenging due to toxicity (38, 39) . In recurrent ovarian cancer patients, bevacizumab, an anti-VEGF monoclonal antibody, is now FDAapproved (40) (41) (42) . However, modest bevacizumab survival benefits, high cost, and the limited duration of response leave room for the development of better vascular targeting strategies.
The goals of our study were to investigate if losartan-an FDAapproved ARB-can normalize the tumor ECM, improve the delivery and efficacy of chemotherapies in ovarian cancer, and demonstrate any meaningful clinical benefits over cytotoxic therapy alone. We uncovered three major findings that can be clinically tested to potentially improve ovarian cancer treatment: (i) We developed a strategy targeting the tumor microenvironment by AT1 blockade to curb extrinsic chemoresistance and control ascites; (ii) we discovered that patients receiving either an ACEi or an ARB exhibited significantly longer overall survival compared with ovarian cancer patients on other antihypertensives; and (iii) we identified a fibrogenic miRNA signature that may serve as a biomarker of ovarian cancer chemotherapy resistance. We also developed a tool that may advance the research of drug delivery and development in ovarian cancer: Using a planar-cut method, we provided evidence that AT1 blockade reduces solid stress exerted from the dense tumor ECM, which in turn improves drug delivery.
Angiotensin II type 1 receptor blockers (ARBs), including losartan, candesartan, telmisartan, and valsartan, are commonly used in the clinic for the treatment of hypertension. Among the ARBs, losartan features ideal tissue distribution and penetration (43) . Therefore, we used losartan to block AngII signaling in models of ovarian cancer-a highly desmoplastic cancer. In our ovarian cancer model, we did not observe direct cell proliferative effects from recombinant AngII treatment or growth inhibitory effect from losartan treatment in vitro, nor did we observe antitumor effects from losartan treatment in vivo. Instead, we found that losartan treatment enhanced the efficacy of paclitaxel by facilitating drug delivery through two mechanisms. First, using our newly developed technique, we showed that losartan treatment lowered solid stress that compresses and collapses blood vessels, leading to improved vessel perfusion and increased drug delivery. Second, using mathematical modeling, we showed that by decreasing the ECM content losartan increases the diffusivity (i.e., intratumoral penetration) of the i.p. or i.v. injected macromolecular drugs (e.g., albumin-bound chemotherapeutics, antibodies, and nanoparticles) into the peritoneal tumors. These dual mechanisms of improved drug delivery support the clinical testing of losartan as an adjunct therapy to enhance the efficacy of therapeutics given i.v. or i.p. in ovarian cancer (Fig. 8F) . To fully characterize the chemosensitization capacity of losartan, further studies of combining losartan with other therapeutics, such as doxorubicin and PARP inhibitors, should be tested in the ovarian cancer models.
The majority of patients with stage III or IV ovarian cancer develop malignant ascites and suffer from symptoms such as abdominal pressure and distension, dyspnea, bloating, pelvic pain, and bowel/bladder dysfunction (44, 45) . A combination of increased production of peritoneal fluid from elevated expression of tumor VEGF (46) and decreased drainage through diaphragmatic lymphatic channels results in the accumulation of ascites. Platinum-based chemotherapy will usually reduce tumor burden and control malignant ascites during initial treatment. Unfortunately, in patients with chemotherapy-resistant advanced ovarian cancer, no consistently effective therapy has been identified, other than repetitive paracentesis. Losartan has been shown to decrease the expression of VEGF (15); however, in our study, we did not observe VEGF expression change after losartan treatment. While we did not investigate it, losartan may also decrease the expression of molecules other than VEGF that are responsible for ascites formation (15, 47) . Previously, we reported that TGF-β blockade via reducing tumor burden in the diaphragm relieved the compression from the tumor mass on the diaphragm lymphatic vessels and improved their drainage of peritoneal fluid and resulted in reduced ascites in ovarian cancer models (29) . The development of TGF-β pathway inhibitors has long been impeded by toxicity issues (48) (49) (50) . However, several TGF-β inhibitors have now reached clinic trials with a safe toxicity profile (51, 52 ). In the current study, we showed a safer and less expensive strategy (less than $1 per d; ref. 53): Losartan reduced ascites by decreasing the ECM content in ovarian tumors invading the diaphragm, thus relieving solid stress and the compression on the diaphragm lymphatic vessels, improving drainage of the peritoneal fluid (Fig. 8F) . Our results suggest that in patients with relapsed or refractory ovarian cancer where chemotherapy no longer has effect on tumor burden losartan may be an option for controlling ascites, relieving symptoms and improving life quality.
To evaluate the translational potential of angiotensin signaling blockade in patients with ovarian cancer, we queried our database consisting of 522 women who received surgery and chemotherapy at MGH and BWH. We compared 123 women receiving an ACEi/ARB to 99 women treated with other antihypertensive agents to minimize confounders related to underlying hypertension and frequency of medical visits and supportive care related to their underlying hypertension. Stated differently, this comparison allowed us to test the hypothesis that modulation of the angiotensin signaling specifically and not the general medical management of hypertension improves outcome in ovarian cancer. After controlling for independent factors that improve survival in this disease such as stage, histology, and residual disease, we found that treatment with an ACEi or ARB was associated with a 30-mo median survival benefit. Furthermore, treatment with an ARB was superior to ACEi, consistent with our proposed mechanisms (9) . Despite the robustness of our analysis, we are limited by the retrospective nature of our analysis and the potential for other unmeasured confounders such as other concomitant medications and overall health status. However, the magnitude of effect of this readily accessible and relatively well-tolerated therapy deserves further investigation.
Recent evidence has suggested that miRNAs play a role in fibrotic disease (30) . We found that, unlike in breast and pancreatic cancers (9, 20, 54) , losartan treatment did not significantly change the expression of fibrogenic genes in ovarian tumors but significantly up-regulated miRNAs that target collagen family genes, including miR-29 and miR-133/miR-1 cluster. miR-29b is known to be a major regulator of fibrosis in multiple fibrotic models (55) . The role of miR-133 on fibrosis is less well studied. In a hypertension model, miR-133 has been shown to reduce collagen I expression (56) , in a diabetes model miR-133 overexpression has been shown to prevent cardiac fibrosis (57) , and in a liver fibrosis model fibrogenic TGF-β has been shown to down-regulate miR-133 (58). In our study, losartan treatment increased miR-133 level in cancer cells, fibroblasts, and macrophages. We confirmed that miR-133 directly targets collagen I gene and leads to reduced collagen production in ovarian cancer cells. However, overexpression of miR-133 in cancer cells did not significantly change collagen levels in xenograft ovarian tumors. This may be due to the following reasons: (i) miR-133 only targeted collagen I, leaving the other fibrogenic signaling pathways intact and sustaining matrix production, and (ii) when miR-133 expression is only modified in ovarian cancer cells the production of matrix molecules by matrix-producing tumor-associated stromal cells (such as fibroblasts and macrophages) is not affected, and they maintain their matrix production. The use of angiotensin II type 1a receptor (AT1) knockout mice (59-61) would be a useful tool to fully profile the miRNAs mediating matrix production-comparison of miRNAs expressed in ovarian tumors grown in wild-type mice vs. those grown in AT1 knockout mice would generate an RAS-regulated matrix-targeting miRNA signature.
Another potential clinical application of our finding is that a panel of antifibrotic miRNAs could potentially be explored as candidate biomarkers of response to chemotherapy and the development of chemoresistance. However, these candidate biomarkers need to be validated prospectively in independent clinical trials. Ovarian cancer is a silent disease of usually late diagnosis, and patient response to treatment is difficult to predict. There is a serious need for biomarkers to orient treatment choices and reflect tumor response. Due to their small size and stability, circulating miRNAs can be reliably detected and quantified and have been shown to reflect the expression pattern observed in the tumor tissues, highlighting their potential use as easily detectable tumor biomarkers (62) (63) (64) . While serum levels of miRNAs are accepted biomarkers for liver disease (65) , whether the panel of antifibrotic miRNAs in ascites have the potential to be used as biomarkers is unknown. Our study indicates a strong rationale to develop an ascites miRNA screening diagnostic for biomarkers of response to chemotherapy and the development of chemoresistance.
In summary, our study demonstrates that integrating a matrixdepleting strategy with chemotherapy in ovarian cancer models enhances chemotherapy efficacy and reduces ascites. These findings can be rapidly tested in a prospective clinical trial.
Methods
The effects of losartan on tumor microenvironment, drug delivery, and chemotherapy efficacy were studied in two orthotopic ovarian cancer models. For additional information regarding drug delivery, treatment protocols, patient characteristics, and stastical analysis, see SI Appendix, Materials and Methods.
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